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As part of a four-center NIMH Genetics Ini-
tiative on Bipolar Disorder, a genome
screen using 365 markers was performed on
540 DNAs from 97 families, enriched for af-
fected relative pairs. This is the largest uni-
formly ascertained and assessed linkage
sample for this disease, and includes 232
subjects diagnosed with bipolar I (BPI), 32
with schizo-affective, bipolar type (SABP),
72 with bipolar II (BPII), and 88 with unipo-
lar recurrent depression (UPR). A hierar-
chical set of definitions of affected status
was examined. Under Model I, affected indi-
viduals were those with a diagnosis of BPI
or SABP, Model II included as affected those
fitting Model I plus BPII, and Model III in-
cluded those fitting Model II plus UPR. This

data set was previously analyzed using pri-
marily affected sib pair methods. We report
the results of nonparametric linkage analy-
ses of the extended pedigree structure using
the program Genehunter Plus. The strong-
est finding was a lod score of 2.5 obtained on
chromosome 10 near the marker D10S1423
with diagnosis as defined under Model II.
This region has been previously implicated
in genome-wide studies of schizophrenia
and bipolar disorder. Other chromosomal
regions with lod scores over 1.50 for at least
one Model Included chromosomes 8 (Model
III), 16 (Model III), and 20 (Model I). Am. J.
Med. Genet. (Neuropsychiatr. Genet.) 96:18–
23, 2000 © 2000 Wiley-Liss, Inc.
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INTRODUCTION

Bipolar affective disorder (BP) is a disabling condi-
tion involving dysregulation of multiple physiologic
functions, including mood, appetite, sleep, and activity
[Goodwin and Jamison, 1990]. It occurs in about 1% of
the population, usually with onset in early adulthood.
BP has been observed to aggregate within families
[Nurnberger et al., 1994b], with evidence from twin and
adoption studies suggesting a significant genetic con-
tribution to risk [Bertelsen et al., 1977; Mendlewicz
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and Rainer, 1977]. Segregation analysis has not been
consistent with a single gene mode of inheritance
[Nurnberger et al., 1994b] for the majority of bipolar
cases.

Initial studies to identify the genetic loci underlying
bipolar disorder relied initially on large pedigrees with
multiple affected individuals who appeared to share a
gene with major effect. These extended families typi-
cally had patients diagnosed not only with bipolar I
(BPI), the most severe form of the disorder, but also
bipolar II (BPII), a less severe, but clinically related
entity. Some studies expanded the diagnostic criteria
to also include unipolar recurrent depression (UPR).
Perhaps in part due to the varied clinical diagnoses and
genetic models used in these studies of principally
large, extended families, linkage to chromosomes 11
[Egeland et al., 1987], 18p [Berrettini et al., 1994; De-
tera-Wadleigh et al., 1999; Nothen et al., 1999], 18q
[DeBruyn et al., 1995; Freimer et al., 1996; McMahon et
al., 1997; Stine et al., 1995], and 21q [Aita et al., 1999;
Detera-Wadleigh et al., 1996; Kwok et al., 1999; Straub
et al., 1994] were reported. Additional studies also
identified linkage to chromosomes 4 [Ewald et al.,
1998b; Nothen et al., 1997], 5 [Coon et al., 1993], and 12
[Barden et al., 1998; Ewald et al., 1998a].

More recently, a large collection of uniformly ascer-
tained and assessed families with individuals diag-
nosed with bipolar disorder was assembled as part of
the NIMH Genetics Initiative. From these families, an
initial genome screening set was selected that con-
sisted primarily of affected sib pairs and their parents,
but also included other relatives affected with bipolar
disorder. In order to maximize the utility of the sample
for genetic analyses, affected status was defined by
three hierarchical models. The strictest Model In-
cluded as affected only those individuals diagnosed
with BPI or SABP. Model II included individuals with
a Model I diagnosis as well as BPII individuals. The
broadest model (Model III) included individuals with a
Model II diagnosis as well as UPR. Initial analysis of
these pedigrees focused primarily on affected sib pair
methods [Edenberg et al., 1997; Detera-Wadleigh et al.,
1997; Rice et al., 1997; Stine et al., 1997].

Linkage analyses using single-point and multipoint
sib pair methods identified several chromosomal re-
gions of interest that appeared promising in the initial
genome screen. Possible evidence of linkage to chromo-
somes 1, 7q, 10p, 16p, and 22 was reported [Edenberg
et al., 1997; Detera-Wadleigh et al., 1997; Rice et al.,
1997; Stine et al., 1997). Interestingly, despite numer-
ous previous reports of linkage to chromosome 18p and
18q in other studies, the NIMH Genetics Initiative col-
lection of pedigrees did not demonstrate significant evi-
dence of linkage to any part of chromosome 18 [Detera-
Wadleigh et al., 1997]. Only one marker (D18S70)
reached nominal significance, P < 0.05, under any of
our three hierarchical affectation models. In addition,
previous reports of linkage to chromosomes 4, 5, 11,
and 12 were not replicated [Edenberg et al., 1997; De-
tera-Wadleigh et al., 1997; Rice et al., 1997; Stine et al.,
1997]. Modest evidence of linkage to chromosome 21q
in a similar region to that reported previously [Detera-

Wadleigh et al., 1996] was found in this data set, with
the most significant result obtained near the marker
D21S65.

In order to optimally utilize the genetic information
in the NIMH Genetics Initiative pedigrees, which in-
cluded a large number of affected relative pairs other
than sib pairs, a genome-wide analysis was performed
using the complete pedigree structures. Recently, Kong
and Cox [1997] have demonstrated that the extended
pedigree methods developed by Kruglyak et al. [1996]
and implemented in the Genehunter program can be
overly conservative when genotypic data are missing.
Our initial genotyped sample included intermediate
relatives whenever possible, but marker genotypes
were missing for some individuals who were unwilling
or unable to participate. Therefore, we have employed
a modified version of Genehunter, developed by Kong
and Cox [1997]. This analysis continues to support
linkage to chromosome 10p in the region near the
marker D10S1423 with a lod score of 2.5 under the
intermediate hierarchical model of disease, Model II.

SUBJECTS AND METHODS
Family Ascertainment and Evaluation

The NIMH Genetics Initiative for bipolar disorder
included four sites: Indiana University (John Nurn-
berger, PI), Johns Hopkins University (Raymond De-
Paulo, PI), the NIMH Intramural Research Program
(Elliot Gershon, PI), and Washington University at St.
Louis (Theodore Reich, PI). Bipolar (BP) families were
ascertained using the following criteria: (a) the pro-
band must have bipolar I disorder (BPI) and be admit-
ted to one of the screening treatment centers; (b) a
second affected first-degree relative must be available,
with either BPI or schizoaffective bipolar type disorder
(SABP); and (c) either the proband or secondary af-
fected relative must have at least 2 living sibs 18 years
of age or older. The proband must not be the offspring
of a bilineal mating, which was defined as both parents
diagnosed with BPI or SABP.

All subjects were assessed using the Diagnostic In-
strument for Genetic Studies (DIGS) [Nurnberger et
al., 1994a] and the Family Interview for Genetic Stud-
ies (FIGS) for information about relatives. Medical re-
cords were requested for all instances of inpatient and
outpatient psychiatric treatment. Final diagnoses were
made independently by two clinician-reviewers using a
best-estimate procedure, combining all available infor-
mation.

A set of three hierarchical diagnoses was used in all
analyses. Under Model I, an affected individual was
one who was diagnosed with either SABP or BPI. Un-
der Model II, affected individuals were those included
with SABP, BPI, and BPII. Under Model III, affected
individuals were those with SABP, BPI, and BPII, as
well as UPR.

Genotyping Sample

By spring 1995, approximately 140 families contain-
ing 1,200 subjects had been ascertained, and the data
were reviewed in order to select a subset of individuals
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to be genotyped as part of the initial genome screen. A
series of rules was developed in order to genotype a
consistent sample of individuals composed mainly of
affected sib pairs, but that would also allow for analysis
of other types of affected relative pairs. Intervening
relatives were genotyped, whenever possible, in order
to increase the power to estimate identity by descent
(IBD) among all affected relative pairs. Five hundred
forty subjects were chosen from 97 families. This initial
sample was composed primarily of affected individuals,
with individuals considered affected if they met the
requirements of any of the three hierarchical models.

The final genotyping sample contained 264 individu-
als with Model I diagnoses comprising 121 Model I sib
pairs and 227 Model I relative pairs. Seventy individu-
als were diagnosed with BPII yielding a total of 197
Model II sib pairs and 324 Model II affected relative
pairs. Finally, 88 individuals were diagnosed with UPR
and together with the other individuals considered af-
fected under Model III produced 282 affected sib pairs
and 412 affected relative pairs. All of the above pair
counts were calculated using all possible pairs of af-
fected relatives from families with at least 2 affected
individuals; however, these counts do not include par-
ent–offspring pairs because they do not provide linkage
information.

Genotyping

DNA from the genotyping sample was distributed to
the laboratories at the four sites. The genome was di-
vided among the four laboratories by chromosome.
Genotyping, error detection, allele frequency estima-
tion, and marker map construction were as described
previously [Edenberg et al., 1997; Detera-Wadleigh et
al., 1997; Rice et al., 1997; Stine et al., 1997]. A total of
319 markers was genotyped in the sample of 540 indi-
viduals. The average distance between markers was
9.9 cM, with the markers averaging 9.8 alleles each
and an average heterozygosity of 74%. Following an
initial genome screen [Edenberg et al., 1997; Detera-
Wadleigh et al., 1997; Rice et al., 1997; Stine et al.,
1997], additional markers were genotyped in the labo-
ratories at Washington University and Indiana Uni-
versity. The results presented here include 46 markers
not previously published on chromosomes 1, 5, 6, 8, 10,
12, 15, and 17. These were either additional markers
genotyped in regions of interest identified as part of the
initial analyses or were in regions with larger inter-
marker distances.

Statistical Methods

Linkage analysis was primarily focused on nonpara-
metric affected relative pair methods since the results
of affected sib pair analyses have been published pre-
viously [Edenberg et al., 1997; Detera-Wadleigh et al.,
1997; Rice et al., 1997; Stine et al., 1997]. We utilized a
model-free pedigree analysis approach (Genehunter)
proposed by Kruglyak et al. [1996], which examines the
extent of allele sharing by descent among all affected
relatives rather than simply affected sib pairs. Analy-
ses were performed examining all affected individuals

simultaneously. Recently, Genehunter has been shown
to be unacceptably conservative due to the overestima-
tion of the variance of the statistic when the identity by
descent information is incomplete [Kong and Cox,
1997]. Because families collected for most complex dis-
ease studies are incomplete, the resulting loss of power
can be quite dramatic. We utilized a modified program
proposed by Kong and Cox [1997], Genehunter-Plus,
that does not severely overestimate the P value asso-
ciated with the test statistic.

RESULTS

The strongest finding in this data set was a lod score
of 2.5 obtained on chromosome 10 near the marker
D10S1423, using diagnostic Model II. The chromosom-
al region with evidence for linkage also included the
marker D10S1426. In this region, the Model I lod score
was 1.5 and the Model III lod score was 1.3 (Fig. 1).
Four other regions had lod scores over 1.50 under at
least one of the three models (Table 1). The marker
D8S1106 on chromosome 8 had a lod score of 1.6 under
Model III with a slightly lower lod score of 1.4 under
Model II. On chromosome 16, Model III had a lod score
of 1.7 near the marker D16S749. Finally, the marker
D20S173 had a lod score of 1.7 under Model I at the
q-terminus of chromosome 20.

Linkage to chromosome 10 has also been reported in
several studies of schizophrenia, utilizing primarily
Caucasian samples. Because we identified linkage to
chromosome 10 in a sample of mixed ethnicity, allele
frequencies were recalculated for the chromosome 10
markers in the critical region using only those families
reporting themselves to be Caucasian, non-Hispanic
(91 of 97 families). The linkage analysis was then re-
peated using the race-specific allele frequencies in this
reduced sample of 91 Caucasian, non-Hispanic fami-
lies. The maximum lod score under Model II was 2.3
and remained at the marker D10S1423. The maximum
lod scores for Models I and II were both 1.20 at or very
near the marker D10S1423.

Recently, Badner and colleagues [1998] have shown
that for traits determined by multiple loci in which one

Fig. 1. Multipoint lod scores for chromosome 10 markers for all models.
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or more of the trait-influencing genes has a common
susceptibility allele(s), it may be more powerful to ana-
lyze nuclear families rather than extended pedigrees
with multiple affected individuals. Therefore, we have
also performed the analyses limiting the data set to
only nuclear pedigrees. These more conservative analy-
ses confirmed that the highest lod score in the genome
screen sample was on chromosome 10 (lod 4 1.8) near
the marker D10S1423.

DISCUSSION

Previous analyses using primarily affected sib pair
methods in this same data set had identified a series of
chromosomal regions with interesting, although not
highly significant results [Edenberg et al., 1997; De-
tera-Wadleigh et al., 1997; Rice et al., 1997; Stine et al.,
1997]. As with many complex diseases, the literature in
bipolar illness has reported linkage to numerous chro-
mosomal regions with many findings not replicated or
replicated in only some but not all studies [Risch and
Botstein, 1996]. Likely sources for these discordant re-
sults include genetic heterogeneity, oligogenic inheri-
tance, insufficient power, and type II error.

In these analyses, we report the results from the
same families now analyzed using genotypic and phe-
notypic data from the extended pedigrees. In many re-
gions with interesting initial linkage results, addi-
tional markers have been genotyped. The strongest re-
sult in this analysis of 97 families was the lod score of
2.5 on chromosome 10 near the marker D10S1423 un-
der Model II. This finding would meet the criteria pro-
posed by Lander and Kruglyak [1995] for suggestive
(lod > 2.2) but not significant (lod > 3.6) linkage. Of
interest, in the previous affected sib pair analyses [Rice
et al., 1997] the marker D10S1423 was also significant
under both Model I and Model II with marker allele
sharing estimated at 57%, P < 0.01. In addition, the
MOD score, or maximum lod score using the extended
pedigree structure and assuming a single diallelic lo-
cus, under Model II was 3.40, P < 0.01; the MOD score
was also significant under Models I, 2.04; P < 0.025,
and III, 1.77; P < 0.05.

Our Model II gave the highest lod score in these
analyses and includes persons affected with BPII dis-
order, which we have defined as recurrent unipolar de-
pression plus hypomania, by RDC criteria [NIMH Ge-
netics Initiative Bipolar Group, 1997]. It may be that,
for this susceptibility locus, expanding the model to
include recurrent unipolar depression without hypo-
mania (Model III) results in the inclusion of individuals
who are phenocopies and thus reduces the linkage evi-
dence [see also Nurnberger et al., 1994b].

In the previous sib pair linkage analysis [Rice et al.,

1997], a second region on chromosome 10 had stronger
evidence of linkage to the Model II phenotype than the
region around D10S1423. This other region on chromo-
some 10q had a lod score of approximately 2.0 near the
marker D10S188. With the additional markers geno-
typed in this chromosomal region, and more accurate
marker maps estimated, the evidence for linkage to
this second region is substantially reduced, with maxi-
mum lod scores under all three hierarchical models be-
low 0.75.

The region of chromosome 10p implicated here has
recently been linked to a schizophrenia locus in several
genome-wide studies [Faraone et al., 1998; Schwab et
al., 1998; Straub et al., 1998]. Using the 43 European
American NIMH Genetics Initiative schizophrenia
nuclear families, Faraone et al. [1998] found suggestive
evidence of linkage to D10S1423, P 4 0.0004, and the
adjacent marker D10S582, P 4 0.0006. A large panel
of Irish schizophrenia families [Straub et al., 1998] also
demonstrated evidence of linkage to this region, with a
maximum multipoint H-LOD of 1.91, P 4 0.006, at the
marker D10S2443. Multipoint nonparametric analysis
also supported linkage to this region of chromosome
10p, P 4 0.03. Affected sib pair analyses of a third
series of families ascertained in Germany also sup-
ported linkage of schizophrenia to 10p with the great-
est evidence at markers D10S582, P 4 0.0058, and
D10S1423, P 4 0.029.

Because rates of unipolar depression are higher
among relatives of schizophrenia probands in the stud-
ies of Gershon et al. [1988] and Maier et al. [1993], and
higher rates of schizophrenia have been reported
among relatives of probands with schizoaffective disor-
der in some studies [Gershon et al., 1982; Kendler et
al., 1986] there may be common susceptibility loci for
both disorders. Linkage to chromosome 10p has been
reported in both bipolar and schizophrenia studies.
Such consistent linkage findings, often with the same
marker, D10S1423, suggest a locus with pleiotropic ef-
fects, which in some families result in affective disorder
and in others schizophrenia.

Further mapping of the chromosome 10p region in
both bipolar and schizophrenia samples is critical in
order to elucidate the gene(s) underlying these disor-
ders. Genotyping and analysis of a replication data set
of approximately 360 individuals from bipolar families
is currently under way. This will provide an opportu-
nity to further evaluate evidence of linkage to chromo-
some 10p in an independent sample. If linkage is pre-
sent, the families from the two data sets can be used for
additional genotyping in order to further localize a po-
tential susceptibility gene in this chromosomal region.

TABLE I. Summary of Genome-Wide Linkage Results*

Chromosome Marker Model I Model II Model III

8 D8S1106 0.1 1.4 1.6
10 D10S1423 1.5 2.5 1.3
16 D16S749 0.6 1.2 1.7
20 D20S173 1.7 0.5 0.4

*For any markers with lod scores over 1.5 for any model, the data are shown for all models.
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